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Peripheral nerve injury frequently results in neuropathic pain, e.g., hyperalgesia and allodynia. Since neuropathic pain is poorly responsive to general analgesic therapy, it is difficult to improve quality of life in patients affected by neuropathic pain. Experimental peripheral nerve injury in animals induces neuropathic symptoms [6, 11, 20, 33, 37, 38] . Abnormal spontaneous electrical firing has been observed in the sensory neurons of animals whose nerves were injured artificially [12, 18] , and this abnormal firing is considered to result in neuropathic pain. Nerve growth factor (NGF) has been reported to induce hyperalgesia in rats [24] . Such action of NGF is not restricted to the peripheral tissues, but is also seen in the CNS [16, 25] . Recently, we reported that rat DRG neurons cultured in the presence of NGF showed spontaneous action potentials [21] and spontaneous rises and falls in the intracellular Ca ] i fluctuations [30] . Among DRG neurons, A-and C-neurons are generally considered to be involved in nociception. It is widely accepted that NGF plays roles in cell survival, apoptosis, differentiation, the growth of axons/dendrites and the expression of various proteins through two types of receptors. DRG neurons require NGF for their survival and differentiation at an immature stage, but not after maturation [29, 31] .
Indeed, NGF seems to be associated with various disorders of DRG neurons rather than with the maintenance of normal functions in adult animals [9, 29] . For example, the intrathecal administration of NGF in adult rats has been reported to result in hyperalgesia [24] . The NGF concentration in the DRG of neuropathic pain model rats has been reported to increase [17, 34] , and this increased NGF is considered to be one of the mediators contributing to the pathogenesis of peripheral neuropathy [29] . We previously reported that cultured DRG neurons responding to the TRPV1 agonist capsaicin were affected by NGF, became hyperexcitable and showed spontaneous rises and falls in [Ca 2+ ] i [30] . It has been reported that in some DRG neurons, one type of coldsensing TRP, TRPA1, but not the other type of cold-sensing TRP, TRPM8, is expressed together with the hot-sensing TRP, TRPV1, in the same neurons; it was suggested that such neurons can be expected to have physiological roles not simply as thermo sensors, but also as nociceptors [5, 22, 28, 35] . Based on these reports, we wondered 1) whether or not NGF acts on the cold-sensing DRG neurons and thus makes them hyperexcitable, and 2) if so, whether or not there is a correlation between the activity of these TRPs and the spontaneous electrical activity and [Ca 2+ ] i fluctuations. In order to answer these questions, the profile of the subpopulation of DRG neurons that becomes hyperexcitable due to NGF was investigated by observing the [Ca 2+ ] i responses to capsaicin and icilin, an agonist of TRPM8 [3, 10, 28] and TRPA1 [13, 35] , in order to determine the underlying mechanism of the spontaneous activity of NGF-treated DRG neurons.
MATERIALS AND METHODS
Cell isolation and culture: DRG neurons were isolated from adult male Sprague-Dawley rats (7-12 weeks old), using procedures reported previously [21, 23, 30] . Rats were killed by cervical dislocation under diethyl ether inhalation anesthesia. Animals were sacrificed according to the guidelines stipulated by the ethical committee of Tottori University. Ganglia were dissected from the entire length of the vertebral column. Axons extending from the ganglia were removed as much as possible under a stereoscopic microscope. The ganglia were incubated at 37C in Ca 2+ -Mg 2+ -free phosphate-buffered saline (PBS) containing collagenase type IV (500 U/ml, Worthington Biochemical Corporation, Lakewood, NJ, U.S.A.), DNase I (0.12 g/ml, Sigma, St Louis, MO, U.S.A.) and BSA (1 mg/ml, Sigma) for 2 hr and then rinsed with PBS to remove the collagenase. The ganglia were then incubated in PBS containing trypsin (0.25% w/v, Invitrogen, Carlsbad, CA, U.S.A.) and BSA (1 mg/ml) for 15 min. After the enzymatic digestion, the cells were gently triturated with a silicon-coated Pasteur pipette and centrifuged at 500 × g for 5 min to remove the enzymes. The isolated cells were suspended in DMEM (Invitrogen) containing 4.5 g/l of glucose and cultured on coverslips coated with poly-D-lysine (Sigma). The cells were kept at 37C in a humidified atmosphere of 95% air and 5% CO 2 and cultured until use. DMEM was supplemented with 10% FBS (MP Biochemicals, Irvine, CA, U.S.A.), 100 U/ml of penicillin (Invitrogen), 100 g/ml of streptomycin (Invitrogen) and 10 M cytosine--arabinoside (Sigma). The culture medium was changed every 2 days. NGF-7S (Sigma) at a final concentration of 100 ng/ml was added to the medium 3-5 days after plating. Measurements of [Ca 2+ ] i were performed from the 4th to the 14th day of culture. Neurons that were cultured for more than 2 days in the presence of NGF were considered to be NGF-treated neurons. indicator fura-2, according to a procedure reported previously [30] . Cultured neurons attached to round coverslips (11 mm in diameter) were incubated in HEPES-buffered normal solution (in mM: 144 NaCl, 10 NaOH, 6 KCl, 2 CaCl 2 , 5 MgCl 2 , 10 Glucose, 10 HEPES, pH adjusted to 7.4 with HCl; the concentration of Na + was fixed at 154 mM) containing Fura-2/AM (3 M, Merck, Whitehouse Station, NJ, U.S.A.) for 60 min at room temperature (22-24ºC) . After the incubation, a coverslip was mounted in a chamber fixed on the stage of an inverted fluorescence microscope (IX71, Olympus, Tokyo, Japan). Neurons were continuously perfused with various experimental solutions through polyethylene tubes connected to a peristaltic pump (Minipuls 3, Gilson, Middleton, WI, U.S.A.) at a flow rate of 1.4 ml/min. In this system, the solution around the neurons could be changed rapidly within a few seconds. Changes in [Ca 2+ ] i were measured by dual excitation microfluorometry using a digital image analyzer (Aqua Cosmos/Ratio, Hamamatsu Photonics, Hamamatsu, Japan). The fluorescent signal was detected using a UV objective lens (UApo 20×3/340, Olympus), and the emission, passed through a band-pass filter (500 ± 10 nm), was detected by a cooled CCD camera (ORCA-ER, Hamamatsu Photonics). All experiments were performed at room temperature (22-24ºC) .
Data acquisition and analysis: Data acquisition was performed using a procedure reported previously [30] . Briefly, data were obtained at a sampling frequency of 0.2 Hz using Aqua Cosmos software (Hamamatsu Photonics). The fluorescent intensity at the excitation wavelengths of 340 nm (F340) and 380 nm (F380) was determined by the analyzing software (Aqua Cosmos, Hamamatsu Photonics ] i fluctuations was quantitatively assessed according to an analytical procedure reported previously [30] . Data are presented as the means ± SEM. The statistical significance was assessed by Student's t-test and analysis of variance (ANOVA). Differences were considered statistically significant if P<0.05.
Solutions and drugs: The normal solution described above contained a relatively high concentration (5 mM) of MgCl 2 in order to avoid the labilizing effects of the removal of Ca were used against L-type, R-type, P/Q-type and N-type channels, respectively. Concentrated stock solutions of nifedipine at 1 mM, icilin (Sigma) at 100 mM, capsaicin (Sigma) at 100 mM and cyclopiazonic acid (CPA, Sigma) at 10 mM were made in DMSO and stored at -30C until use. Concentrated stock solutions of SNX-482 at 0.2 mM, -agatoxin IVA at 0.1 mM and -conotoxin GVIA at 1 mM were made in DW and stored at -30C until use. A concentrated stock solution of NGF-7S at 10 g/ml was made in DMEM and stored at -30C until use.
RESULTS

Responses of [Ca
2+
] i to capsaicin and icilin and spontaneous fluctuations of [Ca 2+ ] i : The cell culture was divided into two groups. One group of cells was cultured in the presence of NGF (100 ng/ml), and the other was cultured in the absence of NGF. After the cells were cultured for more than 2 days in the presence or the absence of NGF, [ ] i increases in subpopulations of the neurons in both the NGF-untreated control (Fig. 1A) and NGFtreated (Fig. 1B) groups. Icilin at 10 M also caused rapid and transient [Ca 2+ ] i increases in subpopulations of the neurons in both NGF-untreated (Fig. 1A) and NGF-treated groups ( Fig. 1B ; red and blue traces). Capsaicin at 1 M and icilin at 10 M were confirmed to cause maximum and the VGCC blockers, but not by CPA (Fig. 3) .
The relationship between the responsiveness to capsaicin and icilin: To clarify the profiles of different subgroups of DRG neurons, the correlation between the amplitudes of the [Ca 2+ ] i responses to capsaicin and icilin was analyzed in individual neurons. The amplitudes of the [Ca 2+ ] i responses to icilin are plotted against those to capsaicin in neurons of the control and NGF-treated groups (Fig. 4) . In the present experiment, [Ca 2+ ] i rises of more than 50 nM (dotted lines in both plots) were considered to be positive responses to capsaicin and icilin. In 69 control neurons tested, 35 neurons responded to capsaicin (about 50%). Among these capsaicin-responsive neurons, only 7 neurons responded to icilin as well. On the other hand, no icilin-responsive neuron was found among the 34 neurons that did not respond to capsaicin. According to their responsiveness to capsaicin and icilin, the DRG neurons were divided into 4 groups: subpopulations of neurons responding to neither capsaicin nor icilin (group 1; G1, open circles in Fig. 4) , neurons responding to capsaicin but not to icilin (group 2; G2, red open circles in Fig. 4) , neurons responding to icilin but not to capsaicin (group 3; G3, blue solid circles in Fig. 4 ) and neurons responding to both capsaicin and icilin (group 4; G4, red solid circles in Fig. 4) . From a total of 131 NGFtreated neurons, 87 neurons responded to capsaicin (groups 2 and 4). Among these, 32 neurons also responded to icilin (group 4). On the other hand, among 44 neurons that did not respond to capsaicin (groups 1 and 3), only 3 neurons responded to icilin (group 3). ] i fluctuations among the subgroups of DRG neurons were quantitatively assessed by ANOVA followed by a post-hoc test (Tukey-Kramer method, Fig. 6 ). In the control neurons, no significant difference was detected among 3 subgroups (P>0.05, F=2.27). In contrast, in the neurons cultured in the presence of NGF, significant differences were detected among the 4 subgroups (P<0.01, F=5.06), between groups 1 and 4 (P<0.01, F=7.53) and between groups 2 and 4 (P<0.01, F=9.44). The statistical significance of differences between group 3 and the other subgroups could not be assessed because of the small number of neurons found in group 3. Between the control and NGF-treated neurons, a statistically significant difference in the SD of the [Ca 2+ ] i fluctuations was detected only in group 4 neurons (P<0.05 by t-test). of neurons has important roles not only in transmitter release, but also in gene expression, the regulation of membrane excitability and cell survival [7, 8, 36] . This is also the case in DRG neurons. In this study, [Ca 2+ ] i changes in the somata of rat DRG neurons cultured in the presence or absence of NGF, one of the pathogenic mediators of neuropathic and inflammatory pain [31] , were examined. Spontaneous fluctuations of [Ca 2 + ] i were observed in a subpopulation of NGF-treated neurons, as reported previously [30] . In this study, we determined the Ca ] i responses to capsaicin and icilin were examined. Capsaicin acts on TRPV1, which also mediates responses to high temperature, acid and stretching of cell membranes, and icilin acts on TRPM8 and TRPA1, both of which respond to cooling stimuli and some cooling compounds such as menthol. In DRG neurons, capsaicin has been reported to induce a rise in [Ca 2+ ] i by stimulating Ca 2+ influx through TRPV1 channels and Ca 2+ efflux from the intracellular Ca 2+ store [14, 15, 19, 26] . Icilin has been reported to induce a rise in [Ca 2+ ] i by evoking Ca 2+ influx through TRPM8 and TRPA1, which are also Ca 2+ permeable channels [3, 5, 35] . In the present study, both capsaicin and icilin induced a transient rise in [Ca 2+ ] i in the subpopulations of neurons, regardless of the treatment with NGF. In control neurons, about half of the neurons responded to capsaicin and about 10% responded to icilin. It has been reported that TRPV1 and TRPA1 cross-desensitize each other [1, 2, 32] . Therefore, the responsiveness to capsaicin estimated by the [Ca 2+ ] i responses in this study might be underestimated because the application of capsaicin was preceded by that of icilin, even though, in our preparations, almost all icilin-responding neurons also responded to capsaicin, suggesting that icilinsensitive TRPs are always expressed together with TRPV1. It was reported that TRPV1 and TRPM8 are not coexpressed and that TRPA1 is always expressed together with TRPV1 in rat DRG neurons, based on the results of in situ hybridization experiments [22, 35] . Taken together, these findings suggest that icilin may act on TRPA1-expressing neurons (group 4) to evoke a rise in [Ca 2+ ] i . This was also the case in NGF-treated neurons: among 35 icilin-responding neurons, 32 neurons responded to capsaicin. It has been reported that NGF-treatment affects the expression level and pattern of TRPM8 in cultured DRG neurons [5, 27, 35] . Therefore, it is possible that in our experiments, NGF upregulated TRPM8 (and/or TRPA1) and caused an increase in the number of neurons responding to icilin. fluctuations whose SD was more variable than 2.5 nM were never observed in control neurons [30] . In the subpopula- fluctuations with an SD exceeding 3 nM. Among these 12 neurons, 10 neurons were in group 4, indicating that neurons responding to both icilin and capsaicin tended to show [Ca 2+ ] i fluctuations with larger amplitudes. These results concerning the SD of the [Ca 2+ ] i fluctuations are summarized in Fig. 6 . It should be noted that there was no significant difference in the average of the SD of the [Ca 2+ ] i fluctuations between neurons in groups 1 and 2 of the NGFtreated neurons. However, the SD of group 4 of the NGFtreated neurons was significantly more variable than those of groups 1 and 2. In our previous report, we suggested that capsaicin-responding nociceptive neurons were affected by NGF more frequently and became hyperexcitable [30] . In addition, we conclude here that DRG neurons responding to both capsaicin and icilin are affected by NGF more effectively than neurons responding only to capsaicin, and that they become hyperexcitable.
Pathophysiological significance of neurons showing dual responses to capsaicin and icilin in neuropathic pain:
One of the characteristics of nociceptive neurons is the expression of TRPV1. The present results show that the subpopulation of TRPV1-expressing neurons also expresses coldsensing TRP and that these neurons are made hyperexcitable by NGF. It was reported that TRPM8 is not coexpressed with TRPV1 and that TRPA1 is coexpressed with TRPV1 in rat DRG neurons [22, 35] . Therefore, it seems that icilin acts on TRPA1-and TRPV1-expressing neurons and evokes the rise in [Ca 2+ ] i . The dual reaction of DRG neurons to icilin and capsaicin suggests that such neurons do not act as simple cold-sensing or hot-sensing neurons, but rather that they act as non-specific nociceptive neurons. The physiological roles of TRPM8 and TRPA1 in cold-sensing are controversial. Many lines of evidence indicate that TRPM8 is activated by a moderate lowering of temperature and that a greater decrease in temperature is required for the activation of TRPA1. Although there is no doubt that cold stimulation activates sensory neurons expressing TRPM8/A1, it is not certain that such information is recognized as a cold sensation by the CNS. It has been reported that TRPA1 has a pronociceptive role in the mouse [4] , suggesting that TRPA1-expressing sensory neurons could be nociceptive neurons. Therefore, it is expected that DRG neurons responding to both capsaicin and icilin (group 4 in this study) have physiological roles as nociceptors. It is likely that NGF acts on group 4 neurons and makes them hyperexcitable. If this action of NGF on group 4 neurons occurs in vivo, it may cause a hyperalgesic sensation. Therefore, we propose that the effect of NGF on DRG neurons showing dual responses to capsaicin and icilin underlies the pathogenesis of neuropathic pain occurring after nerve injury and during inflammation. This should be addressed by future experiments examining whether NGF administered to experimental animals causes hyperalgesia and/or allodynia and whether DRG neurons isolated from such animals show spontaneous action potentials and enhanced [Ca 2+ ] i fluctuations.
